Cells respond to biophysical and biochemical signals. We developed a composite filament from collagen and silica particles modified to interact with collagen and/or present a laminin epitope (IKVAV) crucial for cell-matrix adhesion and signal transduction. This combines scaffolding and signaling and shows that local tuning of collagen organization enhances cell differentiation.
Injuries in the peripheral nervous system (PNS) are mostly caused by trauma like traffic accidents, bone fractures and joint dislocations. These injuries often lead to partial or complete loss of sensory, motor or autonomic functions that can seriously compromise the life quality of patients. 1 The PNS has a great potential for self-regeneration. However, the success of nerve self-repair crucially depends on the length of the gap. Nerve cells are able to easily bridge gaps of less than 6 mm. 2 For larger gaps, surgical grafts are used as gold standards. Biomaterials can be used to connect damaged nerves, providing a direct framework for nerve regeneration with minimum surgery work. An optimal scaffold needs to combine the adequate anisotropic architecture to mimic aligned bundles of axons from PNS and provide guidance for neurite regrowth, 3 with suitable mechanical and surface properties to allow the formation of a new extracellular matrix (ECM) in which cells can proliferate for nerve regeneration. 4 Synthetic materials have the advantages of being easily chemicallymodified and processed but can induce inflammatory reactions. 5 To avoid that, numerous studies have used materials of biological origin. 6 As major component of ECM, type I collagen is of great interest for the engineering of biomaterials and it has been processed into aligned scaffolds. [7] [8] [9] The incorporation of bioactive molecules within anisotropic scaffolds is a topic of particular interest in tissue engineering. 10, 11 From a functional point of view, of particular interest is the incorporation of laminin, a protein which is continuously synthesized after nerve injury and plays a crucial role in cell migration, differentiation and axonal growth. 12, 13 A pentapeptide epitope with the IKVAV sequence (Ile-Lys-Val-Ala-Val) has been found in laminin and is known to promote neuronal differentiation and neurite outgrowth. 14, 15 Composite scaffolds associating this laminin epitope with methacrylate-based polymers, 16 poly(L-lactide), 17 chitosan 18 or peptide amphiphiles 19, 20 have shown that IKVAV promote neurite extension in synthetic systems. To better mimic cell microenvironment, collagen and laminin epitope (IKVAV) have been combined to investigate cell matrix adhesion and signal transduction. [21] [22] [23] However, biofunctionalization of collagen scaffold remains highly challenging since it relies on covalent conjugation. Direct conjugation of collagen triple helices before fibrillogenesis may be detrimental to their self-assembly, whereas bioconjugation after fibrillogenesis is difficult to control in terms of peptide spacing for example. 24, 25 Stupp and co-workers have developed a strategy where peptide amphiphiles functionalized with the IKVAV epitope were self-assembled with collagen. 26, 27 However, this approach remains challenging and time-consuming in terms of synthesis and may present limits for the amount and number of different peptides that may be loaded in the matrix. Alternatively, inorganic nanoparticles can be embedded in biopolymer networks. Inorganic particles often exhibit a rich surface chemistry and can also improve the chemical and physical stability of the biopolymer scaffold. 28 Silica nanoparticles (SiNPs) are particularly interesting candidates due to their cyto-and biocompatibility, ease of synthesis, and the versatility of sol-gel chemistry that offers various routes of biofunctionalization, including with type I collagen. 29, 30 Their combination with collagen has been shown to be effective for the regeneration of bones, nerves or dermis. [31] [32] [33] In this work, we engineered collagen-based composite biomaterials to improve the differentiation of PC12 cells. PC12 cells derived from the rat adrenal pheochromocytoma are widely used in neurobiology as a model for studying neuronal differentiation in vitro. [34] [35] [36] [37] PC12 cells respond to fibroblast growth factor (FGF1) with robust neural processes and morphologies, 38, 39 with anti-apoptotic activity. 40, 41 This has been exploited for biomaterials engineering and stem cell-based therapy in neural repair. 42, 43 Addition of FGF1 was used for the induction of neuronal differentiation and its quantitative analysis through the observation of cell adhesion, proliferation and differentiation (neurite number and size). Here we explored whether SiNPs can be used to improve the differentiation of PC12 cells in collagen-based biomaterials. The surface chemistry of SiNPs has been varied to impact the scaffold properties by interacting with collagen, or the signal transduction abilities by presenting the IKVAV laminin epitope. For this purpose, mono and bifunctional SiNPs were synthesized and mixed with type I collagen before extrusion of filaments. We showed that the surface chemistry of the embedded SiNPs has a key impact on their distribution within the filaments and on the collagen organization itself. Very interestingly, in our system, this scaffolding effect appeared to prevail over the expected biochemical activation from the laminin epitope. 
A library of collagen-SiNP biocomposite filaments
Structuration of the scaffold is crucial to promote PN regeneration, in particular in terms of alignment. To induce the extension of neurites in the specific direction towards their synaptic target, biomaterials must stimulate their orientation growth. For this reason, bionanocomposites were extruded to produce hybrid collagen-based filaments ( Fig.1 ). Soluble collagen and SiNPs were mixed in acidic conditions (pH 2.5). Extrusion was performed in phosphate buffered saline (PBS) 5X (pH 7.5) triggering collagen fibrillogenesis through pH increase, while ensuring the preservation of the diameter of the extruded filaments without shrinking or swelling. 44 After having tested different collagen concentrations (13.5 and 27 mg.ml -1 ) adapted to prepare soft biomaterials, and each with different SiNP concentrations ([SiNP] = 0.45; 4.5; 45 mg.ml -1 ), the SiNP concentration was fixed at 45 mg.mL -1 and collagen content to 13.5 mg.mL -1 ( Fig.S1-S4 ). In parallel, the surface chemistry of fluorescent SiNPs was tuned to control interactions with the collagen scaffold and/or with cells ( Fig.2A ). We used fluorescently labelled (Alexa 488) SiNPs (107 ± 9 nm in diameter, Fig.2B ) to monitor their distribution within the filaments by fluorescence microscopy.
We have previously shown that soluble type I collagen in acetic acid interacts with sulfonate-modified SiNPs (SiNP-SO3 -) by electrostatic interactions, allowing for surface-mediated collagen fibrillogenesis upon neutralization. 29 SiNPs were also modified with amine groups and conjugated with the neuroactive laminin epitope IKVAV (SiNP-IKVAV) ( Fig.2C ). Scaffold-interacting groups (SO3 -) and cell-interacting groups (IKVAV) were also combined at the surface of SiNPs (SiNP-IKVAV-SO3 -). The proper functionalization of SiNPs was checked by zeta-potential ( Fig.2D ). Nonfunctionalized SiNPs (nf-SiNPs) showed neutral zeta potentials at low pH and negative values from pH 4 that reflect the presence of silanol groups (pKa ca. 3.5). The presence of sulfonate groups was confirmed at low pH (below 3) where the zeta potential of SiNP-SO3reached -48 mV. This is attributed to the low pKa of alkyl sulfonic acids (ca. 1). On the contrary, the zeta potentials of SiNP-IKVAV were highly positive (49 mV) in the investigated pH range, in agreement with the fact that IKVAV bears two positive charges (NH2terminal and lysine side group, pKa ca. 10). For the bifunctional SiNP-IKVAV-SO3 -, zeta potentials were constant over the pH range investigated, with values ca. -10 mV in between the one of SiNP-SO3and of SiNP-IKVAV. This is consistent with an effective grafting of both groups at SiNP surface. The overall negative value suggests that sulfonate groups are present in a larger amount at the surface of SiNPs with respect to IKVAV.
Biomaterials characterization
Collagen-based filaments (ca. 300 µm in diameter) were observed under polarized light microscopy (PLM). PLM is sensitive to the birefringence of materials, in other words to optically anisotropic materials. It has proven to be effective to measure micron-scale collagen fiber orientation in tissues including tendons, ligaments, and ocular tissues. 45 It is used here to reveal the alignment of collagen molecules in the filaments. A birefringent material, with uniaxial alignment of collagen molecules, alters the polarization state of the light resulting in increase or decrease of the light intensity depending on the relative orientation between the sample and the crossed polarizers. 45 Series of images were then acquired with multiple sample orientations relative to the crossed polarizers separated by 45° ( Fig.  3A ,C,E, and Fig. 4A ,C,E, and see also Fig.S5 to S10 for the full set of orientations). PLM observations were correlated with multiphoton microscopy combining second harmonic generation (SHG) and two-photon excited fluorescence microscopy (2PEF) modes of contrasts. SHG is a coherent process specific for non-centrosymmetric materials. At the molecular level, it relies on nonlinear dipole excitation along the peptide bonds. It builds up efficiently in highly anisotropic fibrillar collagen because collagen self-assembles into fibrils, with triple helices all oriented in the same direction with the same polarity. [46] [47] [48] [49] This makes SHG microscopy the gold standard technique for three dimensional (3D) characterization of collagen-rich tissues with a unique structural specificity and without exogenous labelling. Simultaneously, 2PEF can be recorded The pure collagen filament showed a homogeneous birefringence that reflects the alignment of collagen fibrils (Fig.  3A) . Concomitantly, a high SHG signal was observed that confirms the tight unidirectional alignment of collagen triple helices within fibrils (Fig.3B1 ). It is worth noting that the surface of the filament shows the formation of larger structures. This results from the fibrillation process during extrusion that is different at the interface with the solvent and within the filament where solvent diffusion is limited. Such structure was found to be common to all conditions. No fluorescence was observed, in agreement with the absence of SiNPs (Fig.3B2 ). After incorporation of nf-SiNPs, no variation in birefringence was observed ( Fig.3C ), together with a high SHG signal interrupted by domains with no SHG signals (Fig.3D1 ). This is attributed to the presence of SiNPs that are aggregated in the filament as observed by 2PEF ( Fig.3D2) and confirmed by merging the SHG and 2PEF signals (Fig.3D3 ). Despite the presence of those nf-SiNP aggregates, the collagen organization was not significantly affected, with a homogeneous SHG signal similar to the one of the pure collagen filament. 3D reconstructions (movies) obtained by imaging the filament through its total thickness with steps of 10 µm allow for a clear visualization of collagen organization in 3D (see online Supplementary Materials). On the contrary, the SiNP-IKVAV filaments showed a high homogenous birefringence with a strong SHG signal and a very good dispersion of the particles (Fig.3E,F) . This is attributed to favourable interactions between the conjugated IKVAV peptide and the collagen-protein scaffold that prevent particles from aggregation. After incorporation of SiNP-SO3 -, a very different biomaterial is obtained. The collagen-SiNP-SO3filament exhibited a strong birefringence indicative of collagen alignment but with the formation of domains together with local extinction of the birefringence, signing for areas where collagen fibrils are not aligned (Fig.4A ). This is also clearly evidenced by SHG: areas of high intensity (white arrows, Fig. 4B1 ) are separated with dark, lower SHG-intensity areas. The 2PEF image shows the formation of large, ca. 200 µm, SiNP-SO3domains ( Fig.4B2, white stars) . Merging SHG and 2PEF images shows that the particle domains are surrounded by high-intensity SHG areas (Fig.4B3) . Again, this is clearly visible in the corresponding 3D reconstruction (see Supplementary Materials) . In those composites, collagen-rich domains with highly aligned fibrils co-exist with SiNP-SO3domains. After incorporation of bifunctional SiNP-IKVAV-SO3 -, heterogeneities in the birefringence were observed under PLM together with local extinction of the birefringence (Fig.4C ). This can be attributed to variation in collagen packing throughout the filament. Observations under SHG showed an overall high SHG intensity signing for collagen fibrils, together with small areas with no SHG signal. These areas correspond to the presence of SiNP-IKVAV-SO3aggregates of small size evidenced by 2PEF (white stars, Fig.4D2,3) . Interestingly, those areas are surrounded by a bright halo with SHG intensity higher than in the rest of the filament (white arrows, Fig.4D1 ). This suggests that the presence of SiNP-IKVAV-SO3aggregates increases locally the density or unidirectional alignment of collagen fibrils. As a comparison, filaments were prepared incorporating a mixture of mono-functionalized particles (SiNP-IKVAV + SiNP-SO3 -). In this case, the filaments exhibited a low birefringence by PLM (Fig.4E ). SHG imaging showed fibrillar collagen with high SHG intensity. Interestingly, small elongated structures with higher SHG intensity can be observed (white arrows, Fig.4F1 ). 2PEF imaging reveals the formation of particle aggregates together with a continuous fluorescent signal. This can be attributed to the formation of SiNP-SO3aggregates coexisting with SiNP-IKVAV homogeneously distributed within the filament as previously observed (Fig.4B2 and Fig.3F2 respectively) . Merging SHG and 2PEF images indicates that the small elongated structures with high SHG signal co-localize with aggregates, hence with SiNP-SO3 -. Additional imaging using polarization-resolved SHG further confirmed the specific alignment of collagen molecules at the vicinity of the aggregates (Fig.S11) PC12 cell differentiation PC12 cells were cultured on collagen-SiNP filaments in presence of FGF1 and heparin. Addition of heparin was essential for differentiation of PC12 cells as it makes up the neurotrophic activity of exogenous FGF1. 50 PC12 adhesion and proliferation were determined by Alamar blue assay and counting the number of cell nuclei. Neuronal differentiation was assessed by quantitative morphological analysis: this included the measurement of the number of extensions per cell, called neurites, having a length larger than the cell body size; the neurite length and alignment along the filament main axis (Fig.5 ).
Cell number on composite filaments significantly increased in presence of SiNP-IKVAV compared to pure collagen (Fig.6A) , showing a beneficial effect of the laminin epitope on cell adhesion after 10 days. Metabolic activities were found to be similar in presence of SiNPs regardless of the surface functionalization (Fig.6B) . In terms of number of neurites per cell, no improvement was observed when compared to the pure collagen materials after addition of nf-SiNP, SiNP-IKVAV and bifunctional SiNP-IKVAV-SO3 - (Fig.6C ). However, a significant increase was observed after incorporation of SiNP-SO3and SiNP-IKVAV+SiNP-SO3 -. These improved performances were also confirmed when considering neurite length, which significantly increased in presence of SiNP-SO3and SiNP-IKVAV+SiNP-SO3 - (Fig.6D ). We then examined neurite orientation that was defined as "aligned" when the neurite forms an angle inferior to 45° with the axis of the filament. For this parameter, a significant improvement was observed not only in presence of SiNP-SO3and SiNP-IKVAV+SiNP-SO3but also after incorporation of nf-SiNPs (Fig.6E ).
Discussion
Overall, these results show that cell differentiation was significantly improved in presence of SiNP-SO3 -(either alone or mixed with SiNP-IKVAV), as observed with the increase in neurite number and length ( Fig. 6C-D) . No such result was obtained with nf-SiNP, SiNP-IKVAV or with bifunctional SiNP-IKVAV-SO3 -. We have previously shown that positively charged soluble collagen interacts strongly and specifically through electrostatic interactions with sulfonate-modified SiNPs. This generates composite buildings blocks, where collagen is confined at the particle surface. 29 This is the case here, where SiNPs are mixed with soluble collagen before extrusion in buffer. Then, upon extrusion in buffer, and due to the consecutive pH increase, collagen fibrillogenesis is induced from the particle surface. The formation of those hybrid building blocks (SiNP-SO3 -/ soluble collagen) is an efficient way to trigger collagen fibrillogenesis specifically from the surface of the SiNP-SO3 -. In such case, we have shown that the collagen density decreases with increasing distance from the particle surface, i.e. collagen density is higher at the surface than far from it. 30 At the scale of the biomaterial, this impacts collagen distribution in the heterogeneous filament obtained with SiNP-SO3 -, with the formation of particle-rich domains surrounded by areas with highly aligned collagen observed by PLM, SHG and 2PEF (Fig. 4A,B ). This creates a micrometer-scale heterogeneity in collagen organization that cell extensions may detect when sensing their surroundings (Fig. 7A) . The resulting modulations of the tissue organization arising at the scale of the cell may be responsible for the increase in neurite number and length. Indeed, growth cone-mediated neuronal elongation is viewed as a result of multiple cytoskeletal dynamics like polymerization of actin and tubulin subunits at the tip of the axon. 51 They are able to sense and generate local stiffness. Our observation can be related to previous works by Sundararaghavan and co-workers who developed a microfluidic chip with controlled gradients of mechanical stiffness in 3D collagen gels, where neurites grow significantly longer down the gradient of stiffness than up the gradient and where no change in cell behavior was observed in absence of gradient. 52 On the contrary, PLM, SHG and 2PEF observations indicate the formation of small particle aggregates or well dispersed particles for nf-SiNPs and SiNP-IKVAV respectively (Fig. 3C-F ). This suggests that the material heterogeneity is at a lower -nanometer-scale than the cells so that the filament surface may be detected as a homogeneous substrate of mixed silica/collagen composition (Fig. 7B) . Meanwhile, and notwithstanding the micro-scale heterogeneity, neurite alignment with respect to the filament is well preserved in presence of nanoparticles, with a limited impact of their surface chemistry. Neurite alignment is here directed by the millimetre-scale ordering of the filaments that results from the extrusion process. This allows to define three scales of ordering: (1) the nanostructure of the composite, as defined by the interactions between SiNPs and collagen driving the formation of evenly dispersed aggregates; (2) the micron-scale organization of SiNP-collagen domains that influences cell differentiation, and (3) the millimeter-scale ordering of collagen-based filaments that ensures neurite alignment.
Let's now consider bifunctional biomaterials, i.e. filaments that combine sulfonate groups and IKVAV. The mixture of the two sets of monofunctional SiNP-IKVAV and SiNP-SO3 -, improved neurite number and length to a similar extent as in presence of SiNP-SO3only. Again, SHG images showed the formation of high SHG intensity structures. This indicates that the microstructure of the filament may prevail over the presence of laminin epitope. This is consistent with the absence of improvement of differentiation when only SiNP-IKVAV is present. Thus PC12 cells differentiation seems not to occur when IKVAV is present in our system. This may be attributed to the fact that SiNPs are embedded throughout the entire thickness of the filament (ca. 300 µm in diameter). Because the penetration of PC12s within the filament is limited, a very small amount of laminin epitope is actually interacting with cells. The embedment of SiNP-IKVAV within collagen filaments may render the peptide poorly accessible to the cells. Overall, the concentration of IKVAV laminin epitope on the SiNP surface hence accessible to cells was high enough for improving cell adhesion but not efficient in transducing differentiation.
Noticeably, when bifunctional filaments were prepared by incorporating SiNP-IKVAV-SO3particles, no improvement in neurite number or size was observed compared to pure collagen. This indicates that surface-initiated collagen fibrillogenesis around the particle aggregates is too limited when the two functional groups are on the same particle. This may originate from the partial screening of the sulfonate negatively charged groups by the positive charges of IKVAV, as supported by zeta potential measurements (Fig. 2 ).
All of those results converge towards the conclusion that the bioactivity of here-described collagen-based biocomposites is dominated by the heterogeneity in collagen density at the microscopic scale, as induced by the addition of SiNP-SO3in soluble collagen before extrusion and fibrillogenesis. The presence of the laminin epitope has a slight beneficial effect on cell adhesion but no impact on differentiation, probably because of its limited accessibility. Very interestingly, this highlights the crucial feature of the microscopic architecture of the biomaterial that in this particular system is more effective than the introduction of a bioactive epitope. Further developments in terms of material processing are now necessary to take advantage of the additional possibility to use silica particles as epitope-presenting components. This includes working with thinner biomaterials or directing SiNPs at the surface of the composite. This would represent an important step forward the engineering of 3D tissue repair scaffolds recapitulating the multi-faceted features of cells microenvironment in ECM.
